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Ternary PM6:Y6 Solar Cells with Single-Walled Carbon

Nanotubes

Laura Wieland, Han Li,* Xuning Zhang, Jianhui Chen, and Benjamin S. Flavel*

An organic solar cell with single-walled carbon nanotubes (SWCNTs) in the
photoactive layer is typically a type Il heterojunction with the semiconducting
SWCNTs acting as the electron donor and Cg, or other fullerene derivatives as the
acceptor. Herein, the performance of solar cells consisting of (6,5) SWCNTs
combined with Cgo and three nonfullerene acceptors is evaluated in a bilayer
architecture. SWCNTSs are then combined with the donor/acceptor PM6:Y6 in a
ternary mixture and both bulk heterojunction and bilayer devices are fabricated.
The SWCNTs are found to extend the light absorption of PM6:Y6 solar cells into
the infrared but their use must strike a balance between the SWCNT concen-
tration to enhance light absorption and solvent-induced changes to the mor-

phology of the active layer.

1. Introduction

Organic photovoltaic (OPV) research is the fine balance between
optimization of the bandgap of new materials, their morphology,
and their spectral response to maximize efficiency.'™
Semiconducting single-walled carbon nanotubes (s-SWCNTSs)
have tunable bandgaps and a strong optical absorption in the
infrared (IR),>® and these make them an attractive material
for PV, For example: as electrode or hole collection material
in silicon and perovskite solar cells,”~*" a counter electrode in
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dye-sensitized solar cells"*'® or as a

photoactive layer in silicon! or organic
solar cells. Various type II heterojunctions
in OPV have been shown to enable exciton
dissociation and an electron transfer from
the SWCNT donor to acceptor.’>]
Typical s-SWCNT PV devices have a bilayer
architecture, use small diameter carbon
nanotubes such as (6,5) or (7,5), and have
fullerene Cgo as the acceptor.[19’2°’25‘26]
Using shear force-mixed (6,5) SWCNTs,
Shea et al.®” have achieved an external
quantum efficiency (EQE) of 49% in the
IR at the characteristic S;; transition.
However, these bilayer structures suffer
from the short exciton diffusion length
within carbon nanotubes that limit the film
thickness to 5-10 nm!"®?”?® and which in turn constrain the
maximum achievable light absorption of the devices.

Fullerene derivatives like phenyl-Cy;-butyric acid methyl ester
(PC51BM) have been used to increase the absorption of SWCNT
solar cells into the visible and a PCE of 3.2% for a polychiral
sample® and 2.9% for nearly monochiral (6,5) SWCNTs have
been achieved.”” In addition, the increased solubility of these
fullerene derivatives has facilitated blend mixtures and the for-
mation of bulk heterojunction (BHJ) devices.'”) These overcome
the SWCNT film thickness limitation but suffer from problems
associated with an inhomogeneous and phase-separated donor/
acceptor layer. Likewise, the low photochemical stability!**>%
and an absorption window of up to 700 nm (PCy;BM)>?! limit
the maximum PCE that these BHJs can achieve. The best Sq;
EQE for a SWCNT/PCBM BH]J is 19% and the device itself
had a PCE of 1.7%.*? Nonfullerene acceptors (NFAs) are a pos-
sible solution because these have a broad spectral absorption,
higher extinction coefficient, and tunable energy levels for
optimized light capture.["*3°]

Indeed the best performing OPV cells employ NFAs and com-
binations such as D18:Y6,”*) PM6:L8-BO, or PM6:BO-4C1%)
have been reported to reach PCEs of up to 18.2%. The trade-
off between short circuit current (Jsc) density and open circuit
voltage (Voc) in organic solar cells has been optimized with the
use of a ternary device concept. A third material is chosen to
broaden the spectral response, regulate the BH] morphology,
improve the Voc, and reduce the charge recombination in
0SCs.¥l Here, another acceptor with a lowest unoccupied
molecular orbital (LUMO) between the host donor and acceptor
is ideal due to a cascade for the electron transfer across the mate-
rials such as BTP-CCP*! or PC;;BM[*” in PM6:Y6. Pushing the
boundaries of this concept, a PM6:PM7:Y6:PC7;BM device
with double cascading charge transport has achieved 18%
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efﬁciency.[“] Other strategies to tune performance are

. [42,43] .. . . c L. .
preaggregation or additives to realize a vertical distribution
like 1-chloronaphthalene in D18-Cl:N3:PCg; BM.** Nevertheless,
active layers in organic solar cells absorb only up to 1000 nm and
have relatively high nonradiative voltage losses compared to other
types of solar cells.

To date, only Wang et al.l**! have considered the possibility of
s-SWCNT/NFA devices and investigated the exciton dissociation
and electron transfer of perylene diimides and ITIC-2F by inter-
nal QE measurements. New NFAs with deeper lying LUMO
levels were suggested for future work. However, the working
principle of organic solar cells with NFAs is not completely
understood and stability in air must be improved. In our work,
three widely used nonfullerene acceptors (Y6, ITIC-2F, and
PTCDI-C8) are combined with polymer-wrapped small diameter
(6,5) SWCNTs. While the EQE intensity at the S;; optical
bandgap is similar to the reference Cgqo devices, the power con-
version efficiency is higher than in s-SWCNT/fullerene bilayer
solar cells. Inspired by the impressive efficiencies of polymer
solar cells over 18%, a ternary device is then realized, which con-
sists of PM6/Y6 with additional (6,5) SWCNTs to extend the
absorption range into the IR. Both bilayer and bulk heterojunc-
tion devices are fabricated and show the advantageous IR exten-
sion, while the challenges of performance loss and morphology
are discussed.

2. Results and Discussion

Figure 1a shows a schematic of the layer stack used in the solar
cells reported by this work. Each consisted of a patterned indium
tin oxide (ITO) glass substrate to which a layer of poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)
and a layer of (6,5) SWCNTs were sequentially spin coated.
This was followed by the deposition of one of the four different
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acceptor layers and evaporation of the electron transport layer
bathocuproine (BCP) and a silver electrode to complete the
device. The four different acceptors were Cgo, which were ther-
mally evaporated, and the nonfullerene acceptors (NFAs): Y6,
ITIC-2 F, and PTCDI-C8, which were all spin cast from a chlo-
robenzene solution. The chemical structure of each of the NFAs
and an absorption spectrum of the (6,5) SWCNTSs in toluene is
shown in Figure S1 and S2, Supporting Information. The (6,5)
SWCNTSs were separated from the COMoCAT raw material using
the selective polymer PFO-BPy!*®*”! and shear force mixing was
used to maximize their length and minimize the defect density.
This ensures fewer exciton quenching sites on the nanotubes
and, thus, longer lifetimes and higher quantum yields.**~>"
In all cases, it was important to have a low PFO-BPy polymer
content to ensure good contact between SWCNTs and the
acceptor.’%>3 A reduction in the polymer content was achieved
by filtration and rinsing the (6,5) SWCNTs with toluene.
Absorption spectra of the original and concentrated sample
are shown in Figure S2, Supporting Information. SWCNT films
were prepared by multiple spin coating steps from a concentrated
solution in toluene to achieve thicknesses of 8-18 nm.

As shown in Figure 1b, each of the acceptors formed a type II
heterojunction with the (6,5) SWCNTSs and in a simplified model,
the energetic offset between the LUMO of the donor and that of
the acceptor can be used to predict the occurrence of exciton dis-
sociation at the interface.” To be precise, the minimum energy
that is required for exciton dissociation at the heterojunction is
the thermodynamic driving force (AG), which can be calculated
by AG = |IPp — EAx| — [Eo — E).*>*) The absolute value of the
difference between the ionization potential of the donor (IPp)
and the electron affinity of the acceptor (EA,) minus the exciton
energy. This includes the electronic bandgap of the SWCNT
donor (Eg) and the exciton binding energy (E;,). Solar energy con-
version only occurs if AG < 0. The LUMO position of the (6,5)
SWCNT, as shown in Figure 1b, was calculated based on the
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Figure 1. a) Schematic of the solar cell architecture employed and b) an energy level diagram for each of the four acceptors used. c) Current density—
voltage (J-V) and d) external quantum efficiency (EQE) measurements of the assembled solar cells.
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optical bandgap and E;®* therefore, the required minimum
energy is denoted as LUMO offset. Exciton binding energies
within SWCNTs have been estimated to range from 0.2 to
0.5eV®*” and a reorganization energy of 130 meV has been
shown to be required.”® Current density-voltage (J-V) curves
and performance values for each (6,5)/acceptor combination
are shown in Figure 1c and Table 1, respectively. Overall, the
two solar cells containing ITIC-2 F and Y6 performed the best
and these had efficiency values of 1.16% and 1.09%, respectively.
Despite an efficiency of ~1% being low for the broad organic
solar cell field, it is important to remember that the maximum
efficiencies reported in the field of SWCNT solar cells are
~3%.”1%! 1t is also a significant improvement compared to
the use of Cgo, which had an efficiency of 0.33%. Shea and
Arnold reported a PCE of 1.02% for their (6,5)/Cgo device.!'”)
The fill factor (FF) and Voc of all (6,5)/acceptor combinations
were 34-51% and 0.41-0.56 V, but the better performance for
these two NFAs can mostly be attributed to the improved Jsc,
which was almost four times higher than for Cg,.

Figure 1d shows an EQE measurement for each of the solar
cell devices. The sharp peaks at ~1000 and ~575 nm are associ-
ated with the first (S;;) and second (S,;) optical transitions of
(6,5) SWCNTS; the broad peak at ~860 nm is the exciton—phonon
sideband (EPS) for the S;; transition and all other major features
are associated with the acceptor used. As such, the reason for the
improved Jsc is apparent. For (6,5)/Cgo solar cells, nearly, the
entire visible spectrum is unabsorbed, whereas ITIC-2F or Y6
is designed to capture most of the visible and near-IR light.
For reference, thin films of ITIC-2F and Y6 on glass have been
measured in transmittance, as shown in Figure S3, Supporting
Information, and have an absorption maximum located at 7255
and 810 nm,** respectively. While ITIC-2F only absorbs light up
to 800 nm, Y6 has an absorption tail reaching nearly 1000 nm.
The integrated current of Y6 with 4.34 mA cm™2 and ITIC-2F
with 4.31 mA cm ™ in the visible region (400-800 nm) illustrates
the superiority of the NFAs compared to Cgo with 0.41 mA cm™2
A further figure of merit used in the SWCNT solar cell field is the
peak EQE at the S;; position of the SWCNTSs. For the (6,5)/Y6,
(6,5)/ITIC-2F, and (6,5)/Ceo solar cells, the peak EQE at S;; was
24.7%, 25.8%, and 27.4%, respectively, and this is due to their
similar LUMO offset of 0.5, 0.54, and 0.45 eV. These EQE results
are in agreement with the highly efficient SWCNT solar cells
from Classen et al,*'! who achieved 26% with their (6,5)/
PC;;BM devices. In contrast, the (6,5)/PTCDI-C8 solar cell
has an LUMO offset of 0.7 eV, which means that junction is
in the Marcus inverted region and the peak EQE is consequently
considerably lower at only 3.2%.

Table 1. Solar cell performance parameters for the ITO/PEDOT:PSS/
(6,5)/acceptor/BCP/Ag devices.

Layer stack Jsc Voc FF Efficiency  Peak EQE at Sy,
[ITO/PEDOT:PSS/ [mA Cmfz] [mV] [9%] [9%] of (6,5) [%]
(6,5)/.../BCP/Ag]

Ceo 1.62 441.6 46.03 0.33 27.39

Y6 7.35 408.2 33.5 1.01 24.67
ITIC-:2F 5.97 502.9 38.61 1.16 25.75
PTCDI-C8 0.44 560.8 51.02 0.13 3.15

Small Sci. 2023, 3, 2200079 2200079 (3 of 9)

www.small-science-journal.com

Considering Y6 absorbs light over the broadest spectral range
(600-1000 nm) of all the acceptors tested and its appropriate
LUMO offset to (6,5) SWCNTs for exciton dissociation, we
now turn to the development of a ternary device. In these solar
cells, we combine Y6 with two donors: PM6, which absorbs light
in the spectral range of 500-700 nm (max 610 nm)"** and (6,5)
SWCNTs for their IR absorption (Figure S1 and S3, Supporting
Information). As shown in Figure 2a, two different solar cell
architectures were tested. The first was a layered structure like
the devices, as shown in Figure 1a, in which PM6:Y6 was directly
spin cast on top of the (6,5) SWCNTSs and the second was a BH]J.
For the BH]J, 75 g of (6,5) SWCNTs®” was directly added in a
5:3 ratio to the PM6:Y6 solution in chloroform before spin coat-
ing. For the layered structure, the SWCNT film had a thickness of
18 nm. An energy level diagram of these solar cells is shown in
Figure 2b, where a cascade of energy levels facilitates charge sep-
aration with holes easily moving toward the ITO cathode and
electrons to the silver anode. PM6 is also a donor and concur-
rently serves as facilitator between (6,5) and Y6 with its close
LUMO or highest occupied molecular orbital (HOMO) level,
respectively (Figure 2b). Excitons generated by CNTs can relax
to the lower PM6-HOMO to enable charge splitting. -V curves
and performance values for these two architectures and a
PM6:Y6 solar cell without SWCNTs as a control are shown in
Table 2 and Figure 2c and S4, Supporting Information. The effi-
ciency of the layered device was 2.44% and for the BH]J,
it was 2.27%.

These values compare favorably with best in the field SWCNT
solar cells from Gong et al.*” or Classen et al.*"! who demon-
strated efficiencies of ~3%. The polychiral device in a BH]J
achieved 3.2%, whereas the layered (6,5) device with PC;;BM
from Classen reaches 2.9%. The layered device in this work also
had the higher Jsc of 12.9mAcm™ vs 10.6 mA cm 2 for the
BH]J. EQE measurements reveal the layered device to follow a
similar shape to the PM6:Y6 reference cell albeit with an extra
peak in the IR at ~1000 nm from the (6,5) SWCNTs. Here,
the peak EQE at S;; was 20.5%. By integrating the EQE curve
between 900 and 1100nm, this additional peak from the
SWCNTs in the IR equates to 0.65mA cm 2. Relative to the
PM6:Y6 reference cell, a dip in the EQE at 575nm can also
be seen for the layered device. This corresponds to S, of (6,5)
and is a result of the light first passing through the SWCNT
before reaching the PM6:Y6. The excitonic relaxation time from
S, to Sy is ~40 f5,°1%2 whereas charge transfer from (6,5)
CNTs to Cgo occurs within ~120 £5.°%] Based on the different
time scales, the probability of charge transfer from S, to Cgo
is much lower than the relaxation to the S;; and then to Cgy.
As such, photocurrent generation has been reported for
S5,%*2%%% but only over an intermediate transition to Sij.
Here, S,, appears as a dip in the EQE because evidently the loss
in current due to a reduction in the light absorbed by PM6:Y6 is
not balanced by absorption of the SWCNTSs. A positive and neg-
ative contribution to EQE from the S;; and S,, transitions of
SWCNTSs, respectively, can likewise be seen for the BH]J, albeit
the magnitude of these peaks is significantly reduced. This is pri-
marily due to the relative concentration of SWCNTSs present in
each of the devices. For the layered device, 330 pL of (6,5)
SWCNTs with an estimated concentration of 89pgmL™!
(Figure S2, Supporting Information) was used, whereas for
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Figure 2. a) Schematic of the layered and bulk heterojunction solar cell architecture employing (6,5) SWCNTs and PM6:Y6. b) The corresponding energy
level diagram. c) Current density—voltage (J-V) and d) external quantum efficiency (EQE) measurements of the assembled solar cells.

Table 2. Solar cell performance parameters for layered and bulk
heterojunction ITO/PEDOT:PSS/(6,5)/PM6:Y6/BCP/Ag devices.

Layer stack Jsc Voc FF Efficiency Peak EQE at Sy,
[ITO/PEDOT:PSS/.../ mAcm™? [mV] [%]  [%] of (6,5) [%]
BCP/Ag]

PM6:Y6 (bulk heterojunction) ~ 16.65  816.1 59.43  8.07 -

(6,5) layered 12.86  511.0 37.13 2.44 20.49
(6,5) bulk heterojunction 10.57 581.8 36.92  2.27 1.04

the BHJ, 500 pL of SWCNTSs was dried and redissolved in the
PM6:Y6 solution. Both approaches have their associated losses,
but we estimate the number of CNTs per cm? to be higher for the
layered than for the BHJ devices. This assumption is supported
by the film absorptivity of the (6,5) SWCNTs at Sy, as shown in
Figure 3c, which shows a higher optical density for the layer
architecture compared to the ternary (6,5)/PM6/Y6, as shown
in Figure S5b, Supporting Information.

It follows that the performance of those solar cells with a layer
of (6,5) SWCNTs is influenced by the film thickness. As shown in
Figure 3a, an increase from ~8 to 10 nm and 18 nm of SWCNT
layers rises the peak EQE at S;; of the SWCNTs from 6.7% to
10.9% to 20.5%. The thickness of these films was determined
by atomic force microscopy (AFM), as shown in Figure 3b,
and this corresponds to an increase in optical density of
0.013per nm, as shown in Figure 3c. In all cases, the
SWCNT film was a closed packed layer. Unfortunately, despite
the increase in EQE at S;; for a thicker film of (6,5) SWCNTs, the
value of Jsc, and, by extension, the efficiency of the solar cells

Small Sci. 2023, 3, 2200079 2200079 (4 of 9)

were reduced with increasing film thickness, as shown in
Figure 3d and Table 3.

Like the strong absorption of light from S,,, which prevents
light reaching the PM6:Y6, a thick film of SWCNTs is also asso-
ciated with an increased scattering background (Figure 3c). This
too will reduce the measured Jsc and it is indeed seen in the EQE
measurements, as shown in Figure 3a. An optimum thickness of
the SWCNT film is defined by the exciton diffusion length, which
has been determined by ultrafast spectroscopy®®! or photocur-
rent measurements in bilayer devices."®?”?®! This is seen by an
EQE signal and Jsc, which increase linearly up to film thick-
nesses of 5-15nm, but then steeply decreases for thicker
films.[*?%%”) The same behavior was identified by our group
for (6,5) films from aqueous solutions with a maximum EQE
of 8% for a 18 nm thick SWCNT layer.[25 1 In this work, the high-
est EQE response of 20.5%, as shown in Figure 3a, was once
again achieved again by an 18 nm-thick film but with (6,5)
polymer-wrapped CNTs. The limited diffusion length is another
reason for a reduced EQE signal in the visible region because the
separated charge (hole) from the PM6:Y6 interface has to over-
come an additional CNT film barrier.

For a BH]J, issues related to the exciton diffusion length of the
SWCNTs and a filtering of the light that eventually reaches the
PM6:Y6 are minor concerns. Nevertheless, the amount of (6,5)
SWCNTs used was found to have a large impact on the overall
device performance. As shown in Table 4 and Figure 4a, an
increase of (6,5) SWCNTs in the PM6:Y6 bulk layer from a ratio
of 1:4-2:3 caused a reduction of Jsc and Vo of up to a third. For
example, Jsc is reduced from 15.0mA cm ™2 for the reference
PM6:Y6 device to 9.3mAcm™? for a 2:3 ratio of SWCNTSs.

© 2022 The Authors. Small Science published by Wiley-VCH GmbH
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Figure 3. a) EQE measurements of ITO/PEDOT:PSS/(6,5):PM6:Y6/BCP/Ag bilayer devices with increasing thickness of the spin-cast (6,5) nanotubes.
b) AFM image of the interwoven CNT network for an 18 nm thick layer of (6,5) SWCNTs. c) Film absorption measurements for different film thickness of
(6,5) SWCNTs and d) the corresponding current density—voltage measurements.

Table 3. Solar cell performance parameters for layered ITO/PEDOT:PSS/
(6,5)/PM6:Y6/BCP/Ag devices with varying thickness of the SWCNT layer.

(6,5) layer thickness Jsc Voc FF  Efficiency Peak EQE at Sy,
[ITO/PEDOT:PSS/(6,5)/ [mAcm 3 [mV]  [%] %] of (6,5) [%]
PM6:Y6/BCP/Ag]

18 nm 12.86 511.0 37.13 2.44 20.49
10nm 3.1 539.2 38.16 2.70 10.85
8nm 13.75 531.4 38.73 2.83 6.70

Table 4. Solar cell performance parameters for bulk heterojunction ITO/
PEDOT:PSS/(6,5):PM6:Y6/BCP/Ag devices with varying SWCNT content.

Layer stack Jsc Voc FF  Efficiency Peak EQE at Sy,
[ITO/PEDOT:PSS/ [mAcm 2] [mV] [%] (%] of (6,5) [%]
../BCP/Ag]

PM6:Y6 15.01 700.0 50.25 5.28 -
(6,5)CsHg in PM6:Y6 (1:4) 13.36 570.8 43.14 3.29 0.79
(6,5)CsHg in PM6:Y6 (1:2) 11.08 500.3 41.63 231 1.41
(6,5)C;Hg in PM6:Y6 (2:3) 9.30 500.2 38.39 1.78 1.52
PM6:Y6 12.24 565.4 47.61 3.2947 -
(6,5)CHCl; in PM6:Y6 (5:3) 10.57 581.8 36.92 2.27 1.04
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These devices were prepared by directly adding the (6,5) SWCNT
solution in toluene to the PM6:Y6 in chloroform at the desired
volume:volume ratio. This has the effect of diluting the PM6:Y6
solution, which leads to an overall diminishing EQE of the PM6:
Y6 layer, as shown in Figure 4b. Dilution of PM6:Y6 with pure
toluene shows the same reduction in Jsc and approves the
decreased EQE intensity in the visible region (see Figure S6
and Table S1, Supporting Information). However, the quantum
efficiency at Sy; is increasing with higher (6,5) content in the
PM6:Y6 solution, more precisely from 0.80% for the 1:4 ratio
up to 1.29% (1:2) and 1.51% (2:3).

The addition of toluene was also found to change the morphol-
ogy of the PM6:Y6 layer. As shown in Figure 4e, the PM6:Y6
became phase separated after addition of the toluene solution.
Increasing the ratio of toluene in PM6:Y6 chloroform solution
causes the formation of large polymer aggregates and rougher
surfaces. This is reflected in the root mean square (RMS) values,
which rise from 15.4 nm (1:4) to 17.6 nm (1:2) and 20.7 nm (2:3),
which is an order of magnitude higher compared to the PM6:Y6
reference with 1.28 nm (Figure S7, Supporting Information).

In the literature, PM6:Y6 solar cells with an optimized film
thickness (250 nm) have an estimated domain size of 44 nm
for the Y6 phase.® The exciton diffusion length of Y6 was
determined as 29-37 nm®’~%% and 47 nm for ITIC-2F,"*” which

© 2022 The Authors. Small Science published by Wiley-VCH GmbH
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Figure 4. a) Current-voltage measurements of bulk heterojunction (6,5):PM6:Y6 solar cells prepared with a different ratio of PM6:Y6 and with the
SWCNTs in toluene (C;Hs). b) The corresponding external quantum efficiency measurements. c) Current-voltage measurements of bulk heterojunction
(6,5):PM6:Y6 solar cells prepared with the SWCNTs in chloroform (CHCl3) and used to disperse PM6/Y6. d) The corresponding external quantum
efficiency measurements. e) AFM images of surface picture of PM6:Y6 prepared in a ratio of 5:6 and with the inclusion of (6,5) SWCNTs in toluene

or chloroform.

is in the standard range for NFAs. However, active layer thick-
ness of 100-200 nm is necessary to absorb light efficiently, so
BHJ or layer-by-layer solar cells are preferred to bilayers.”*”"
The complex morphology in these samples can be optimized
by solvent additives**”>”?! or thermal annealing. Larger domain
sizes can also hinder diffusion processes and reduce Jsc, while
ideal morphology is nearly insensitive to variable exciton diffu-
sion length.”” An extraordinarily long diffusion length of
330nm in PM6:Y6 solar cells was reported by Tokmoldin
et al.” highlighting the enhanced carrier diffusion in thicker-
doped active layers. To optimize the solar cells in this work,
the (6,5) SWCNTs were dispersed in chloroform with the aid
of sonication, after original solvent toluene had been evaporated.
This (6,5) chloroform solution was then the stock solution for the
addition of PM6:Y6 powders in their 1:1.2 ratio. This allowed us
to maintain a fixed PM6:Y6 concentration and avoid phase sepa-
ration due to solvent miscibility. As a result, after the integration
of SWCNTSs, the Vo of the device remained comparable to the

Small Sci. 2023, 3, 2200079 2200079 (6 of 9)

PM6:Y6 reference and the size of the polymer aggregates was
significantly reduced (Figure 4e). However, this is still rougher
than for PM6:Y6 alone, and RMS of 148nm is
compared to reference 1.28nm (Figure S6, Supporting
Information), which are reflected in a reduction of Jsc and
EQE (Figure 4c,d). The S;; quantum efficiency is thereby
diminished to 1.0% for the (6,5)CHCI; in PM6:Y6 (5:3) sample.
Clearly, also the addition of SWCNTSs, changes the domain sizes
of PM6:Y6 and will need to be improved in the future.

3. Conclusion

NFAs are suitable for SWCNT solar cells considering the mini-
mum energy necessary for exciton dissociation. Among the
tested (6,5)/NFA solar cells, ITIC-2F has the best performance
in terms of efficiency, while Y6 has the broadest spectral absorp-
tion and, thus, the highest Jsc. In addition to bilayer devices,

© 2022 The Authors. Small Science published by Wiley-VCH GmbH
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ternary architectures of (6,5)/PM6/Y6 were investigated with sin-
gle chirality (6,5) carbon nanotubes as second donor. EQEs over
20% were achieved with an 18 nm (6,5) layer in the following
stack ITO/PEDOT:PSS/(6,5)/PM6:Y6/BCP/Ag. The short exci-
ton diffusion length of SWCNTs limits the extra energy harvest-
ing in the IR, therefore BH]Js were prepared. However, phase
separation was observed by adding polymer-wrapped (6,5) in tol-
uene directly to the chloroform PM6:Y6 solution. Preparation in
a single solvent resolved the morphology and crystallinity issues,
but it also made it more difficult to integrate a high concentration
of SWCNTs into the system. In summary, all prepared devices
showed an absorption extension into the IR, while the layered
architecture achieves high EQE response BH]Js that suffer from
morphology and recombination.

The absorption extension could be in principle broader and
reaching wider into the IR if SWCNT mixtures are used instead
of single-chirality SWCNTSs. The major problem in a mixed CNT
network is the energy transfer from the larger to the smaller
bandgap nanotube, which typically results in a dark state that can-
not contribute to solar cell performance. Therefore, single chiral-
ity small diameter (larger bandgap) nanotubes are prepared by
SFM for longer and less defected CNTs.

Nevertheless, BH]Js with SWCNTSs are a promising architec-
ture for the future. The bottleneck will now only be the amount
of SWCNTs that can be integrated into the PM6:Y6 without
causing a phase separation or any dramatic change to the
morphology. In the future, this could possibly be achieved by
making modifications to the side chains of PM6 or Y6 to make
them more compatible with SWCNTSs. Ideally, NFAs or the poly-
mer donors will be designed in such a way that SWCNTSs can be
directly sorted or dispersed by a PM6 or Y6 derivative.

4. Experimental Section

SWCNT Solution: A polymer-wrapped (6,5) suspension was prepared
by shear force mixing*®l of 40mg of CoMoCAT (Sigma-Aldrich,
773735 lot no. MKBZ1159V) with 55mg poly[(9,9-dioctylfluorenyl-
2,7diyl)-alt-co- (6,6'-(2-20-bipyridine))] (PFO-BPy) (American Dye Source,
lot no. 19L014A1) in 110mL toluene (99.5%, ACS reagent, Sigma-
Aldrich) for 65h. Subsequently, the suspension was centrifuged in a
SW-40-Ti rotor (Beckman-Coulter Optima L-80 XP) at 45560g for
30min at 20°C. The supernatant was concentrated by filtration (nylon
membrane, 0.2 mm pore size), rinsed with toluene, and redispersed to
reduce the excess polymer content (Figure S2, Supporting Information).

Device Fabrication: Prestructured ITO substrates (Psiotec, 15Qsq ™)
were cleaned with acetone and detergent, followed by water and isopro-
panol. After drying, PEDOT:PSS (Al 4083, Ossila) was filtered (Millex-HV,
0.45 pm, Merck) and spin cast on the ITO with 3,000 rpm for 30 s, followed
by the annealing at 150 °C for 15 min in a glove box. For the layered devi-
ces, polymer-wrapped (6,5) SWCNT were spin cast directly on top of the
PEDOT:PSS (55 pL, 600 rpm for 20 s followed by 1500 rpm for 5s) and
annealed at 110°C for 7 min. The next layer was the acceptor, which in
the case of the Cgp fullerene 100 nm was evaporated (99.9+%; Sigma-
Aldrich, lot MKCK0541) or a 40 nm layer of N, N’-dioctyl-3,4,9,10-perylene
dicarboximide (PTCDI-C8, Sigma-Aldrich, lot MKBV5102V). While the
other NFAs are spin cast from chlorobenzene solutions: 3,9-bis(2-
methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11-
tetrakis (4-hexylphenyl)-dithieno[2,3-d:2,3’-d"]-s-indaceno[1,2-b:5,6-b’]
dithiophene) (ITIC-2F, 10mgmL~', 1000rpm 20s, Ossila, lot
M2075A1) and 2,2-((2Z,2'Z)-((12,13-bis (2-ethylhexyl)-3,9-diundecyl-
12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2"”,3":4 5 |thieno[2',3":4,5]
pyrrolo[3,2-g]thieno[2’,3":4,5]thieno[3,2-b]indole-2,10-diyl)

Small Sci. 2023, 3, 2200079 2200079 (7 of 9)

www.small-science-journal.com

bis(methanylylidene))bis (5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diy-
lidene))dimalononitrile (Y6, 12mgmL"", 3,000rpm 30s, Ossila, lot
M2200A1).

Instead of an acceptor, the layer on top of the (6,5) thin film consisted
of the polymer poly[(2,6-(4,8-bis (5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-
benzo[1,2-b:4,5-b']dithiophene))-alt-(5,5-(1/,3-di-2-thienyl-5',7 -bis (2-
ethylhexyl)benzo[1’,2"-c:4’,5'-c’|dithiophene-4,8-dione))] (PM6, Ossila,
lot M2150A8) and Y6 mixed in chloroform witch an total concentration
of 16mgmL™" (1:1.2).

The BH]J device consisted of PM6:Y6 (1:1.2) in chloroform, which was
spin cast on top of PEDOT:PSS. For the (6,5)C;Hg sample, the polymer-
wrapped (6,5) in toluene is added into PM6:Y6 in the declared ratios (1:4,
1:2, and 2:3). To avoid mixing two solvents, 500 pL (6,5) in toluene was
first heated up to evaporate and redisperse the CNTs in chloroform. Again,
PM6:Y6 (1:1.2) was added into the solution before spin casting it on the
PEDOT:PSS. To complete device fabrication, 10 nm of BCP (>99.5%,
Ossila) was thermally evaporated followed by the 100 nm thick silver
electrode. The active area of a cell was 0.105 cm? and all devices were
characterized under ambient conditions.

Characterization: The -V characteristics were measured with a Keithley
2601B source meter under AM1.5G illumination from a LOT-
QuantumDesign solar simulator (450-1000 W Xe Arc Lamp). EQE meas-
urements were conducted using the integrated system SpeQuest
Quantum Efficiency from Rera solutions. Calibration was performed with
Si 250-100 nm and Ge 700-1800 nm diodes. UV-Vis-near infrared (NIR)
absorbance spectra of the polymer-wrapped SWCNT solutions were col-
lected on a Cary 500 spectrometer from 1400 to 200 nm in a 1 mm quartz
cuvette. Films for absorption measurements were prepared on glass
microscope slides following the same spin coating procedures mentioned
above.

Atomic Force Microscopy: Topographies were recorded with a
Dimension Icon, Bruker with NSC 19 cantilevers (pmasch) with a reso-
nance frequency of 65kHz and a force constant of 0.5N m™". Imaging
was performed in the repulsive regime with standard tapping mode in
air and a resolution of 1024 lines. All topographies were evaluated using
open-source Gwyddion, for example, the determination of the RMS.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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